Acetaminophen (APAP) overdose causes hepatic injury. To investigate potential roles of gut microbiota in APAP-induced liver injury, C57BL/6 mice from Jackson (JAX) or Taconic (TAC) were challenged with APAP. TAC mice were more susceptible to APAP toxicity, and this disappeared upon co-housing of JAX and TAC mice. When the cecum contents from JAX and TAC mice were transplanted into germ-free mice, the mice that received JAX gut microbiota exhibited less toxicity after APAP administration.
INTRODUCTION
Human gut carries ~100 trillions of bacteria that belong to >100 different species (1). Human gut microbes outnumber human cells by 3 times, and their gene pool size is 100-fold bigger than human genome (1).
These gene products are involved in generation of thousands of chemically diverse small molecules from food (2, 3) , many of which are bioactive and mediate the intricate interactions between gut microbes and host. For example, short chain fatty acids (SCFA; up to ~100 mM in the gut (4)) modulate host immune and metabolic systems through G protein-coupled receptors (GPR) 41 and 43 (5) while aromatic acid amino acid metabolites, such as indole propionic acid, regulate intestinal permeability and systemic immunity (6, 7) .
Diet as well as metabolic gene contents among gut microbial communities can govern the levels of gut microbial metabolites (3, 6, 8, 9) . Recent studies have demonstrated that the metabolic output of gut microbiota, given the same diet, can be controlled by different strategies. These include chemical inhibition of microbial enzymes mediating the metabolite production (10, 11) or introduction of engineered bacteria strains into the complex microbial communities (6, 12) . Engineered regulatory systems to control gene expression in human gut commensal bacteria have also been introduced (13) . Together, gut microbiota is an emerging and promising target that can be engineered to improve human health. What remains lacking is detailed understanding about the biological functions and the underlying molecular mechanisms for most gut bacteria-derived metabolites (3, 14) .
APAP is a commonly used analgesic but can cause fulminant acute liver failure upon overdose.
APAP is the major cause of acute liver failure in the US (15, 16) . APAP is mainly eliminated as inactive sulfate or glucuronide conjugates into the urine. APAP toxicity is triggered by its bioactivation by cytochrome P450 (CYP) 2E1 (major), CYP3A4, and CYP1A2 to a toxic metabolite N-acetyl-pbenzoquinone imine (NAPQI). NAPQI is a strong oxidizing agent and interacts with glutathione, leading to glutathione depletion in the liver. This subsequently leads to NAPQI binding to cellular components (e.g., proteins), oxidative stress, activation of JNK (c-Jun-N-terminal kinase) signaling, and cell necrosis.
MATERIALS AND METHODS
Animals. Male or female C57BL/6 mice were purchased from Jackson laboratory (hereafter JAX; Sacramento, CA) or Taconic biosciences (hereafter TAC; Cambridge city, IN) and maintained in specified pathogen free state and fed a standard chow diet (Teklad 7012, Envigo). After one week of acclimation, mice were overnight fasted (14 h ) and treated with APAP (300 mg/kg, intraperitoneal injection) or PBS.
Food was returned to the mice after treatment. Mice were sacrificed 24 h after treatment. For cohousing, male C57BL/6 mice (4 weeks of age) from JAX or TAC were cohoused with mice from either the same or different vendors (4 mice/cage). After 4 weeks of cohousing, mice were overnight fasted and sacrificed.
For supplementation of drinking water with 3-phenylpropionic acid (PPA), PPA were dissolved in drinking water at the final concentration of 0.4% (w/v), followed by pH adjustment. C57BL/6 mice from TAC (6) (7) weeks of age) had free access to drinking water. After 4 weeks, mice were overnight fasted and sacrificed.
All procedures were approved by the Institutional Animal Care and Use Committee in the University of Illinois at Chicago.
For gut microbiota transplantation, C57BL/6 germ-free (GF) mice (8-12 weeks of age) from University of Chicago were used. Cecum materials were collected from JAX or TAC mice (8-9 weeks of age; housed at University of Illinois at Chicago) and suspended in PBS (100 mg/mL). After homogenization, solutions were centrifuged to remove debris, and 200 µL of supernatant were orally administered into GF mice. Mice were fed a standard chow diet (Lab diet ® 6F 5K67, Lab diet). After 4 weeks, mice were overnight fasted and sacrificed. All experimental animal procedures using GF mice were approved by the University of Chicago Animal Care and Use Committee.
Liver histology and measurement of ALT. Liver tissues were fixed with 10% neutral buffered formalin.
Fixed liver tissues were embedded in paraffin. Sections were cut and stained with hematoxylin and eosin (H/E). Serum ALT levels were measured using ALT kit (A7526-150, Pointe Scientific, MI) according to the manufacturer's instruction.
Fecal bacteria genomic DNA extraction. Fecal pellets were collected before fasting, snap-frozen, and stored at -80°C until analysis. Genomic DNA was extracted from the samples using a Tissue DNA Purification Kit, implemented on a Maxwell® 16 automated extraction system (Promega). Genomic DNA quantity was assessed using a Qubit 2.0 fluorometer with the dsDNA BR Assay (Life Technologies, Grand Island, NY).
High-throughput 16S rRNA gene amplicon sequence libraries and data analysis.
The V4 region of the 16S rRNA gene was amplified and sequenced at the High-Throughput Genome Analysis Core at Argonne National Laboratory. Briefly, PCR amplicon libraries targeting the 16S rRNA encoding gene present in metagenomic DNA are produced using a barcoded primer set adapted for the Illumina HiSeq2000 and MiSeq (28) . DNA sequence data is then generated using Illumina paired-end sequencing at the Environmental Sample Preparation and Sequencing Facility (ESPSF) at Argonne National Laboratory.
Specifically, the V4 region of the 16S rRNA gene (515F-806R) is PCR amplified with region-specific primers that include sequencer adapter sequences used in the Illumina flowcell (28, 29) . The forward amplification primer also contains a twelve-base barcode sequence that supports pooling of up to 2,167 different samples in each lane (28, 29 This pool is then cleaned up using AMPure XP Beads (Beckman Coulter), and then quantified using a fluorometer (Qubit, Invitrogen). After quantification, the molarity of the pool is determined and diluted down to 2 nM, denatured, and then diluted to a final concentration of 6.75 pM with a 10% PhiX spike for sequencing on the Illumina MiSeq. Amplicons are sequenced on a 151bp x 12bp x 151bp MiSeq run using customized sequencing primers and procedures (28) .
Quantitative Insights into Microbial Ecology 2 (QIIME2) software (https://qiime2.org/) was used to analyze the sequencing data. Forward, reverse and barcodes sequences were imported into an artifact type of EMPPairedEndSequences and demultiplexed (30) . Demultiplexed reads were denoised with DADA2 (31) generating operational taxonomic units (OUT) table. Taxonomic annotations for each OTU were generated with the taxonomy classifier trained on the Greengenes18_3 97% OTUs where the sequences have been trimmed to include bases from the region of the 16S that was sequenced in this analysis (the V4 region, bound by the 515F/806R primer pair) (32) . Taxonomic and OTU abundance data were generated for all phyla, classes, orders, families, genera, and species. Nonmetric multidimensional scaling (NMDS) plot, analysis of similarities (ANOSIM) and Shannon-index was created or calculated using the R package 'ggplot' and 'vegan'. ACN and 20 μL of 120 mM EDC in the same solution, incubated for 30min at 40°C, and 10% ACN (1 mL) was added. Diluted reaction solution was mixed with pre-made stable isotope labeled standards for LC/MS. The LC/MS analysis was performed on AB Sciex Qtrap 5500 coupled to Agilent UPLC/HPLC system. All samples are analyzed by Agilent poroshell 120 EC-C18 Column, 100Å, 2.7 μm, 2.1 mm X 100 mm coupled to an Agilent UPLC/HPLC system, which was operated at a flow rate of 400 μL/min. A gradient of solvent A (water, 0.1% formic acid) and solvent B (acetonitrile, 0.1% formic acid) was applied as: 0 min, 30% of solvent B; increase solvent B to 100% over 4 min; maintain solvent B at 100% for 5 min.
Measurement of APAP-sulfate and p-cresol
The column was equilibrated for 3 min at 30% solvent B between the injections. The column temperature was 25°C and the autosampler was kept at 4 °C. The detection and quantification of analytes were accomplished by multiple reactions monitoring of m/z 136. 
Measurement of 3-phenylpropionic acid in mouse cecum and serum. Mouse cecum content (~50 mg)
was mixed with 250 μL of 50% aqueous acetonitrile, vortexed for 10 s and centrifuged at 16,000g for 15 min at 4 °C. Supernatants were collected, diluted with 50% acetonitrile by 20 fold, and mixed with ice-cold acetonitrile containing t-cinnamic acid-d6 (100 ng/mL) as an internal standard followed by centrifugation at 16,000g for 10 min at 4 °C. Supernatants were filtered through 0.22 μm pore Ultrafree-MC filter and used for LC-MS/MS analysis. PPA-d9 was used as a surrogate standard to construct the calibration curve for the quantification of PPA (33) .
Mouse serum collected from portal vein or heart was diluted with double distilled water (DDW) by 3 fold and mixed with ice-cold ACN containing 100 ng/ml of trans-cinnamic acid-d6 followed by centrifugation at 16,000g for 10 min at 4°C. Supernatants were dried and reconstituted with 70:30 mixture of water (0.01% acetic acid) and acetonitrile (0.01% acetic acid).
The levels of PPA in the cecum filtrates or serum were measured using LC-MS/MS in negative ion mode. The separation was performed on Atlantis T3 column (3 µm, 100 mm x 3 mm, i.d., Waters Corp., Milford, MA). Chromatographic separation was performed using 0.01 % acetic acid in water (solvent A) and 0.01 % acetic acid in acetonitrile (solvent B) at a flow rate of 0.4 mL/min. The gradient elution profile used is as follows: 70% solvent A for 0.5 min, 70% to 10% solvent A over 5 min, 10% solvent A for 4 min, Non-targeted metabolomics. Portal vein serum and liver tissues were collected before APAP administration from conventional JAX and TAC mice as well as JAXGF and TACGF mice (n=5 mice/group).
Respective samples from GF mice (n=3/group) were also included as a control. Samples were immediately snap frozen in liquid nitrogen and stored at -80 °C. Samples were prepared using the automated MicroLab and Orbitrap mass analyzer operated at 35,000 mass resolution. The sample extract was dried then reconstituted in in solvents compatible to each of the four methods. Each reconstitution solvent contained a series of standards at fixed concentrations to ensure injection and chromatographic consistency. One aliquot was analyzed using acidic positive ion conditions, chromatographically optimized for more hydrophilic compounds. In this method, the extract was gradient eluted from a C18 column (Waters UPLC BEH C18-2.1x100 mm, 1.7 μm) using water and methanol, containing 0.05% perfluoropentanoic acid (PFPA) and 0.1% formic acid. Another aliquot was also analyzed using acidic another positive ion conditions which was chromatographically optimized for more hydrophobic compounds. In this method, the extract was gradient eluted from the same afore mentioned C18 column using methanol, acetonitrile, water, 0.05% PFPA and 0.01% formic acid and was operated at an overall higher organic content. Another aliquot was analyzed using basic negative ion optimized conditions using a separate dedicated C18 column.
The basic extracts were gradient eluted from the column using methanol and water, however with 6.5 mM Ammonium Bicarbonate at pH 8. The fourth aliquot was analyzed via negative ionization following elution from a HILIC column (Waters UPLC BEH Amide 2.1x150 mm, 1.7 μm) using a gradient consisting of water and acetonitrile with 10 mM ammonium formate, pH 10.8. The MS analysis alternated between MS and data-dependent MS n scans using dynamic exclusion. The scan range varied slighted between methods but covered 70-1000 m/z. Peaks were quantified using area-under-the curve. Detected metabolites were identified by comparison to library entries of purified standards. Following normalization to serum sample volume or liver tissue weight, log transformation and imputation of missing values, Welch's two-sample ttest was used to identify metabolites that significantly different between experimental groups.
Statistical analysis.
Most data were expressed as mean ± standard deviation (SD). Comparisons between groups were made by using the Student's t-test or one-way ANOVA via GraphPad Prism 7. Spearman rank correlation test and false discovery rate (FDR) were calculated using R package 'multtest'. P-value or FDR value less than 0.05 was considered significant.
RESULTS
Differential gut microbiota modulates susceptibility to APAP toxicity. Mice raised in different environments are known to harbor distinct gut microbiota composition (34, 35) . To determine whether differential gut microbiota modulates susceptibility to APAP toxicity, male C57BL/6 mice from two different vendors [Jackson (JAX) and Taconic (TAC)] were challenged with APAP. Considering the potential inter-facility variability in the susceptibility to APAP toxicity, APAP dose that exhibits prominent hepatotoxicity was first determined. Mice were treated with 100, 200 or 300 mg/kg APAP (or PBS) via intraperitoneal injection and sacrificed 24 h after treatment. Serum levels of ALT were measured as a marker of liver damage. All mice in the PBS or 100 mg/kg groups and about half of the mice in the 200 mg/kg group did not exhibit hepatotoxicity ( Fig S1A) . Accordingly, the APAP dose of 300 mg/kg was chosen for the study. At this dose, the extent of hepatotoxicity (i.e., serum ALT level) was much greater in TAC than JAX mice ( Fig S1B) . While a similar trend was also observed in female TAC and JAX mice, the severity of hepatotoxicity at the dose was less in female mice (Fig S1B) , consistent with the previous reports (36) . Throughout the study, male mice were used.
To explore the potential roles of gut microbiota in altered susceptibility to APAP hepatotoxicity, JAX and TAC mice were cohoused for 4 weeks (a process known to assimilate gut microbiota of mice) and challenged with APAP. This created two additional groups of mice, namely coJAX (i.e., JAX mice cohoused with TAC) and coTAC (i.e., TAC mice cohoused with JAX). At the end of 4-week cohousing, fecal samples were collected from each mouse, and gut microbiome was analyzed by 16S rRNA gene amplicon sequencing. Nonmetric multidimensional scaling (NMDS) plot showed that JAX mouse group was separated from TAC mice (p=0.002, ANOSIM) and while coJAX and coTAC groups clustered together (p = 0.276, ANOSIM) ( Fig 1A) , suggesting that JAX and TAC mice indeed had distinct gut microbiota composition and co-housing abrogated the difference. Similarly, the difference in Shannon-index (an indicator of species richness or a-diversity) between JAX and TAC mice disappeared upon cohousing ( Fig   S1C) . Importantly, the difference in the serum ALT levels between JAX and TAC mice disappeared upon co-housing ( Fig 1B) . The effects of co-housing on the differences in APAP-induced hepatotoxicity between JAX and TAC mice were further verified by histological analysis of liver tissues ( Fig S1E) .
Genetic drifts between C57BL/6 mice from JAX and TAC have been reported (37) , potentially contributing to altered susceptibility in APAP-induced hepatotoxicity between JAX and TAC mice. To examine the roles of differential gut microbiota in APAP toxicity in the mice of the same genetic background, the gut microbiota from JAX or TAC mice was transplanted to GF mice, followed by APAP challenge. To this end, pooled cecum materials from JAX or TAC mice were orally administered into GF mice, followed by 4-week conventionalization period (hereafter called JAXGF and TACGF, respectively).
Fecal microbiome analysis after 4 weeks post-transplantation revealed that gut microbiota of JAXGF and TACGF mice were distinct (p=0.001, ANOSIM) and co-clustered with their respective donor groups ( Fig   1C) . Also, Shannon-index of JAXGF and TACGF were similar to that of donor mice, indicating that cecum material transplantation successfully established the donor's microbiome in GF mice ( Fig S1D) . When challenged with APAP, TACGF mice showed higher APAP toxicity compared to JAXGF, recapitulating the phenotype observed in conventional JAX and TAC mice ( Fig 1D) . Similar results were obtained in the histological analysis of the liver tissues ( Fig S1F) . These results indicate that susceptibility to APAPinduced hepatotoxicity is transferable by gut microbiota.
Abundances of certain gut microbial taxa are associated with APAP toxicity. To understand how differential gut microbiota alters APAP-induced liver injury, the microbiota compositions in conventional and gut microbiota-transplanted mice were analyzed. At the phylum level, Bacteroidetes and Firmicutes accounted for the majority of bacteria (80-90%), consistent with a previous report (38) . JAX gut microbiota was associated with significantly higher abundances of Verrucomicrobia while TAC microbiota with higher Firmicutes and Deferribacteres (Fig S2) . At the family level, JAX gut microbiota was associated with higher abundances of Porphyromonadaceae and S24-7 while TAC microbiota with higher abundances of Deferribacteraceae, Clostridiaceae, Dehalobacteriaceae and Lactobacillaceae (Fig S2) , in part consistent with a previous report (39) . At the genus level, TAC microbiota was more abundant in Parabacteroides and Mucispirillum, and less abundant in Akkermansia.
To identify bacteria taxa that are associated with the severity of APAP toxicity, correlations between relative abundance of bacteria at the genus level (based on 16S rRNA sequencing data from feces collected before APAP dosing) and serum ALT level (at 24 h post-dosing) were examined. The analysis was performed separately for two gut microbiome results obtained from the cohousing and the gut microbiota transplantation experiments. Gut microbiome from co-housing experiment revealed that fecal abundances of Parabacteroides and unclassified Firmicutes were positively associated with serum ALT level (Fig 2A) . Parabacteroides was resolved to the species level (Parabacteroides goldsteinii; 8.351% vs. 0.001% in TAC and JAX, respectively). Lactobacillus abundance was positively associated with serum ALT levels although it did not reach statistical significance (i.e., FDR=0.07). The abundance of unclassified S24-7 was negatively associated with APAP toxicity. The abundances of Mucispirillum and Akkermansia genera, the groups that differ between JAX and TAC mice, were found not associated with serum ALT levels when the abundance data from coJAX and coTAC were included to examine correlation. The associations between serum ALT levels and fecal abundance of these bacteria taxa did not reach statistical significance in the gut microbiota transplantation group (Fig 2B) , potentially due to relatively small sample size.
Gut microbiota-derived metabolites reduce APAP toxicity. Gut microbiota produces thousands of chemically diverse small molecules, many of which are bioactive and influence host health and diseases (2, 3) . Gut bacteria metabolite p-cresol may competitively inhibit APAP sulfonation, potentially diverting APAP towards CYP-mediated bioactivation (24) . Basal hepatic p-cresol sulfate levels were higher in TAC than JAX mice ( Fig S3A) . On the other hand, hepatic APAP-sulfate levels (measured at 15 min after APAP dosing) were similar between TAC and JAX, and about 1000-fold higher than the p-cresol sulfate level ( Fig   S3B) , suggesting that at a toxic dose of APAP, the competition of APAP sulfonation by p-cresol is unlikely. Short chain fatty acids (SCFA) are major products of bacterial fermentation and modulate multiple aspects of host physiology (40) (41) (42) . The cecum levels of major SCFAs, acetate and butyrate, were similar between JAX and TAC as well as JAXGF and TACGF mice ( Fig S2C) . Propionate levels differ between JAX and TAC, but this was not observed in gut microbiota-transplanted mice. These results suggest minor roles of these SCFAs, if any, in modulating APAP-induced hepatotoxicity.
For de novo identification of gut microbiota-associated metabolites associated with altered susceptibility to APAP hepatotoxicity, portal vein serum and liver tissues collected from JAX and TAC mice as well as JAXGF and TACGF mice were subjected to unbiased metabolomic profiling using LC- conventionally raised vs. microbiota-transplanted mice). In agreement with the partial overlap observed in PCA, JAXGF and TACGF samples were intermixed but showed group-related sub-clustering. Similar results were obtained from portal vein serum samples ( Fig 3B) . Taken together, these analyses indicate that in addition to GF status, the differences in microbiota structure can dictates host metabolomic profiles.
To compile a list of gut microbiota-associated metabolites that are potentially linked to altered APAP hepatotoxicity, the data were filtered through multiple layers of selection criteria. First, metabolites that showed statistically significant differences in their signals between JAX and TAC (either liver or serum) samples were selected. They were further filtered out by comparing their signals between JAXGF and TACGF mice, using p<0.05 as a cut-off; only the metabolites that showed the same directional changes as in the conventional mice were selected. This led to a total of 26 and 17 compounds in the liver and portal vein serum samples, respectively. Ten and 9 compounds showed >2-fold differences in the liver and serum samples, respectively, leading to a total 19 compounds as potential candidates for modulating APAP-induced hepatotoxicity (Fig 3C and 3D) . Four compounds (i.e., stachydrine, betonicine, 3-ureidopropionate, and trigonelline) were detected in the serum samples of GF mice, suggesting that they may be produced mainly by the host. The rest were undetectable or detected at lower signals in GF serum (>3-fold as compared to conventional mice), suggesting that they may be produced by gut microbes. Consistent with results from the previous independent measurement (Fig S3A) , the signals for p-cresol sulfate were higher in TAC than JAX mouse liver, supporting the robustness of the metabolome analysis.
Among 10 metabolites identified as being more abundant in the liver and portal vein serum of JAX mice, four were derived from the reductive metabolic pathway of phenylalanine (6): 3-phenylpropionic acid (PPA), phenylpropionyl glycine, cinnamoyl glycine, and hippuric acid ( Fig 4A) . Phenylalanine is metabolized by gut bacteria to trans-cinnamic acid (CA) and subsequently to PPA. Once absorbed, CA and PPA are conjugated with glycine by glycine N-acyltransferase (43) . PPA can also be further metabolized by b-oxidation to benzoic acid, which is conjugated with glycine to form hippuric acid (43) . To identify the sources for the greater abundance of these metabolites in JAX tissues, CA and PPA contents in the mouse cecum were measured. CA was undetectable in the cecum samples, likely reflecting rapid conversion of CA to PPA by gut microbiota (6) and consistent with a previous report (44) . PPA levels, on the other hand, were readily detectable in the mouse cecum contents, and 3.3-fold higher in JAX than TAC ( Fig 4B) .
The PPA levels in mouse cecum contents were comparable to those in feces from healthy individuals (i.e., 267 nmole/g) (45) . PPA was undetectable in GF mouse cecum contents, consistent with the idea that PPA is a gut microbial product and not present in the diet. JAXGF mouse cecum contained about 10-fold higher PPA than TACGF, suggesting that gut microbiota composition governs the PPA levels in mouse cecum contents. Similar results were obtained in serum prepared from cardiac blood ( Fig 4B) . PPA levels in portal vein serum were ~4-fold higher than the systemic concentration ( Fig 4C) , indicating rapid elimination of PPA by the liver likely via glycine conjugation. PPA levels between cecum and portal (or systemic) blood exhibited excellent correlations (Fig S4A) , suggesting that cecum PPA levels govern the host exposure to PPA.
To determine whether higher PPA levels decrease the susceptibility to APAP-induced hepatotoxicity, TAC mice were supplemented with PPA (0.4% in drinking water) for 4 weeks, followed by APAP challenge. PPA dose was determined based on (1) the average volume of daily water consumption for a mouse and (2) the previously reported pharmacokinetic profiles of cinnamic acid (46) (as the pharmacokinetic profiles of PPA are currently not available) to raise PPA exposure by about 5-fold. PPA supplementation had no effects on the amount of water intake or body weight gain of the mice (Fig S4B) .
The PPA dose used in this study led to ~3-fold increases in cecum and serum PPA levels in TAC mice ( Fig   4D) , the level approximating those in JAX mice. When the mice were challenged with APAP, the PPA group exhibited significantly lower liver injury at 24 h post-dosing ( Fig 4E) , indicating that PPA supplementation alleviates APAP-induced hepatotoxicity.
DISCUSSION
Gut microbiota produces thousands of chemically diverse small molecules (2, 3), yet the biological functions and the underlying molecular mechanisms for most are largely unknown. Here we report that differential gut microbiota modulates susceptibility to APAP-induced hepatotoxicity in mice, and this is potentially mediated by a gut bacteria-derived metabolite PPA.
We found that C57BL/6 mice from TAC are more susceptible to APAP-induced hepatotoxicity than those from JAX. Similar results were previously reported (47, 48) although the underlying mechanisms remained unknown. Genetic drifts between C57BL/6 mice from JAX and TAC have been reported (37), including the deletion mutation in nicotinamide nucleotide transhydrogenase (Nnt) in JAX mice. Nnt encodes an enzyme involved in mitochondrial antioxidant defense (49), a biological function closely linked to APAP hepatotoxicity, raising the possibility that genetic variations between JAX and TAC may underlie the altered susceptibility to APAP toxicity. Of note, the differences in APAP toxicity was also accompanied by altered gut microbiota structure and composition. Cohousing of JAX and TAC abrogated the differences in the susceptibility to APAP toxicity. Furthermore, transplantation of JAX or TAC gut microbiota into GF mice recapitulated the differences in APAP toxicity between the conventional JAX and TAC mice, indicating that susceptibility to APAP-induced hepatotoxicity is transferable by gut microbiota. While the potential involvement of genetic variations (between JAX and TAC) cannot be fully ruled out, the results from cohousing and gut microbiota transplantation experiments strongly support the idea that differential gut microbiota underlie the altered susceptibility to APAP-induced hepatotoxicity in mice. The bacteria abundances in Parabacteroides (specifically Parabacteroides goldsteinii) and Lactobacillus were found positively correlated with the APAP toxicity in this study.
Gut microbiota-derived metabolites are increasingly recognized as mediators of gut microbe-host interactions. p-Cresol is bacterial product of tyrosine that is readily conjugated by host sulfonation enzymes and excreted into the urine (50) . After a therapeutic dose of APAP in humans, p-cresol sulfate in urine was found negatively correlated with urinary APAP-sulfate contents (24) . Results from this study, however, indicate that the competition of sulfonation by p-cresol can be overcome when toxic doses of APAP are administered in mice, and thus the contribution of p-cresol to altered susceptibility to APAP hepatotoxicity appears minimal if any. Diurnal variations in gut microbiota abundance and composition were shown to be associated with altered susceptibility to APAP-induced hepatotoxicity, in part mediated by 1-phenyl-1,2propanedione (PPD) (26) . PPD is a gut bacteria product (26) and also a volatile flavoring ingredient present in plants (51) . Likely due to further metabolism by gut microbes (26) , the levels of this compound in the liver and cecum contents were reported to be very low (~50 pmol/g cecum or liver) and below the detection limits in our assays. Potential involvement of 1-phenyl-1,2-propanedione in altered susceptibility to APAP toxicity remains to be examined.
The unbiased metabolomic analyses of liver and portal serum samples collected from JAX and TAC as well as JAXGF and TACGF mice suggest higher reductive metabolic activities of phenylalanine in JAX gut microbiota. PPA levels in the cecum vs. those in the portal vein and systemic circulation exhibited excellent positive correlation, suggesting that PPA production in the gut governs PPA exposure in the host.
While the biological functions of PPA remain largely unknown, various structural analogues of PPA have been reported to have protective activities against chemical-induced liver injuries. 4-Phenylbutyric acid administered (30 min) after APAP dosing alleviated APAP-induced hepatotoxicity in mice, in part by reducing endoplasmic reticulum stress (52) . CA, the precursor of PPA, is shown to reverse ethanol-induced hepatotoxicity, apparently by lowering hepatic expression of inflammatory mediators and CYP2E1 (53) .
PPA may exert its protective activity observed in this study via as-yet-undefined mechanism(s) shared between PPA analogues.
A recent functional screening of gut bacterial metabolites for direct agonism of 241 G-protein coupled receptors has identified PPA as an agonist of GPR109B (aka HCA3) with the EC50 of 208 µM (45) .
Though this finding is interesting, GPR109B is a human-specific GPCR that is shown to sense other bacterial metabolites such as D-phenyllactic acid with the EC50 of 150 nM (54) . GPRs are well known to have overlapping specificity for the same ligand (5) , and the fact that GPR109B is absent in mice does not exclude the possibility that the protective activity of PPA against APAP hepatotoxicity may be, at least in part, mediated by a GPR. In this respect, it is notable that CA has been reported to be a ligand of GPR109A (aka HCA2) with the EC50 of 5-36 µM (55, 56) . The potential involvement of GPR-mediated signaling in the mechanism of action of PPA remains to be determined. PPA can be produced via different routes that involve the interaction between diet and gut bacteria as well as the interaction between gut bacteria. First, a reductive pathway in the gut bacterium Clostridium sporogenes is shown to metabolize phenylalanine into PPA (6, 57) . The genes encoding enzymes mediating this reductive metabolism are also present in other gut bacteria such as Peptostreptococcus anaerobius (58) .
Therefore, the amount of PPA produced by gut bacterial metabolism of phenylalanine will be dependent on total numbers of gut bacteria harboring the reductive pathway genes and the availability of the substrate phenylalanine. Free phenylalanine in diet is absorbed mostly in the small intestine (59) , and only a small fraction reaches the lower gastrointestinal tract. A large portion of phenylalanine available to gut bacteria in the large intestine is derived from proteolytic degradation of proteins by gut bacteria, which releases free phenylalanine or phenylalanine-containing peptides (60) . Another source of phenylalanine in the large intestine is the biosynthesis of phenylalanine by gut bacteria (61) . A recent study has shown that a major commensal gut bacteria, Bacteroides thetaiotaomicron, synthesizes de novo and excretes relatively large amounts of phenylalanine into the gut lumen, and it exhibits high strain variation in production capacity (62) . Therefore, the availability of phenylalanine to PPA-producing gut bacteria will depend not only on diet but also the composition of neighboring gut bacteria.
Second, it has been known that certain plant-derived chemicals, flavonoids, are degraded by gut bacteria into PPA. For example, isoflavones such as apigenin and naringenin are shown to be metabolized into 3-(4-hydroxyphenyl)propionic acid (4-HPPA) by the gut bacterium Clostridium orbiscindens (63) , and dehydroxylation of 4-HPPA by other gut bacteria results in formation of PPA (64, 65) . Apigenin, for example, exists as glycosides (e.g., apigenin-7-glucoside; A7G) in many vegetables, herbs, and beverages (66) , and its availability to C. orbiscindens also requires prior removal of the sugar by gut bacterial glycosidases (67) . Thus, the contribution of flavonoids such as apigenin to PPA production in the large intestine is governed by the interaction between the intake amounts of flavonoid glycosides, gut bacteria liberating the aglycone, and gut bacteria metabolizing the aglycone.
In conclusion, we have identified the gut bacterial metabolite PPA as one determinant of susceptibility to APAP-induced hepatotoxicity. Systemic levels of PPA appear to be well correlated with the amounts of PPA produced in the gut, perhaps suggesting the possibility of manipulating gut microbiota for PPA production. Gut microbe-mediated reductive metabolic pathway of phenylalanine and hostmediated glycine conjugation. Green color, the metabolites identified to be associated with altered APAP toxicity. B and C. PPA levels in cecum contents and cardiac (B) or portal vein (C) serum of untreated mice were measured by LC-MS/MS. Dotted line denotes the limit of quantification (i.e., 0.2 µM). D. C57BL/6 mice from TAC were given access to PPA (0.4% in drinking water) or control (CTL) water for 4 weeks. PPA concentrations in cecum contents or serum prepared from cardiac blood were measured using LC-MS/MS. E. After PPA supplementation for 4 weeks, the mice were challenged with APAP (300 mg/kg or PBS, intraperitoneal injection) after overnight fasting, and sacrificed at 24 h post-dosing. Fig S1. A. Male C57BL/6 mice from JAX or TAC received APAP (100, 200 or 300 mg/kg) or PBS intraperitoneally after overnight fasting. Mice were sacrificed after 24 h, and serum ALT levels were measured as a measure of hepatotoxicity. B. Male or female C57BL/6 mice received APAP (300 mg/kg or PBS, intraperitoneal injection) after overnight fasting, and serum ALT levels at 24 h post-dosing were measured. C. Gut microbiome was analyzed by 16S rRNA gene amplicon sequencing using fecal samples collected at the end of cohousing (4-week) or gut microbiota transplantation (oral gavage, followed by 4week conventionalization). E. At the end of cohousing or gut microbiota transplantation, APAP (300 mg/kg or PBS, intraperitoneal injection) was administered after overnight fasting, and mice sacrified after 24 h. Liver tissue was H/E stained. Fig S3. A. JAX or TAC mice were sacrificed after overnight fasting and liver tissues were collected. p-Cresol sulfate levels were measured using LC-MS/MS. B. C57BL/6 mice from JAX or TAC were administered with APAP (300 mg/kg, intraperitoneal injection), and the mice were sacrificed after 15 min. APAP-sulfate levels in the liver were measured using LC-MS/MS. C. Conventional JAX or TAC mice as well as gut microbiota-transplanted mice were sacrificed after overnight fasting and cecum contents were collected. The levels of major short chain fatty acids in the cecum contents were measured using LC-MS/MS. Fig S4. A. Correlations between PPA concentrations in cecum contents and serum prepared from portal vein (left) and cardiac blood (right) of JAX and TAC mice are shown. (bottom) Correlation between PPA concentrations in cecum contents and cardiac serum of JAXGF and TACGF mice is shown. Mice that exhibited PPA concentrations below the quantification limit (i.e., 0.2 µM) are not included. B. TAC mice were fed with PPA (0.4% in drinking water) or regular water (CTL) for 4 weeks. Average body weight gain and water intake volume over time are shown.
